Objective: To compare the efficacy and safety of follitropin delta, a new human recombinant FSH with individualized dosing based on serum antim€ ullerian hormone (AMH) and body weight, with conventional follitropin alfa dosing for ovarian stimulation in women undergoing IVF. Design: Randomized, multicenter, assessor-blinded, noninferiority trial (ESTHER-1). Setting: Reproductive medicine clinics. .0%]) rates were similar for individualized follitropin delta and conventional follitropin alfa. Individualized follitropin delta resulted in more women with target response (8-14 oocytes) (43.3% vs. 38.4%), fewer poor responses (fewer than four oocytes in patients with AMH <15 pmol/L) (11.8% vs. 17.9%), fewer excessive responses (R15 or R20 oocytes in patients with AMH R15 pmol/L) (27.9% vs. 35.1% and 10.1% vs. 15.6%, respectively), and fewer measures taken to prevent ovarian hyperstimulation syndrome (2.3% vs. 4.5%), despite similar oocyte yield (10.0 AE 5.6 vs. 10.4 AE 6.5) and similar blastocyst numbers (3.3 AE 2.8 vs. 3.5 AE 3.2), and less gonadotropin use (90.0 AE 25.3 vs. 103.7 AE 33.6 mg). Conclusion(s): Optimizing ovarian response in IVF by individualized dosing according to pretreatment patient characteristics results in similar efficacy and improved safety compared with conventional ovarian stimulation.
T he ovarian response to stimulation with exogenous gonadotropins during IVF is a critical determinant of live birth rates and adverse outcomes (1, 2). Healthcare providers and national guidelines recognize the need for individualization of the starting dose of gonadotropin by using predictive factors related to patient characteristics and diagnostic markers of ovarian reserve to attain an optimal oocyte yield while minimizing the risk of an excessive response and ovarian hyperstimulation syndrome (OHSS) (3, 4) . In practice, clinicians are requried to individualize treatment according to their own experience, using subjective preferences for predicitive parameters, because there is not a standard position regarding which factors to take into account or the weight of each factor when determining the dose. The considerable individual heterogeneity in ovarian response to the same dose of gonadotropin, the limited performance of baseline patient characteristics including age, FSH, and antral follicle count (AFC) in predicting ovarian response, and their inconsistent clinical interpretation, as well as the lack of validated dosing algorithms, have limited the generalizability of efficacious and safe ovarian stimulation (3) (4) (5) (6) . Antim€ ullerian hormone (AMH), a dimeric glycoprotein produced by granulosa cells of preantral and early antral follicles, can now be measured in serum by robust automated assays at any time of the menstrual cycle and exhibits superior prediction of ovarian response to controlled ovarian stimulation over established alternatives (7, 8) .
Follitropin delta is a recombinant FSH (rFSH), uniquely expressed in a human fetal retinal cell line, which owing to differences in glycosylation profile has a lower clearance and induces a higher ovarian response in humans than existing rFSH preparations when administered at equal doses of biological activity (IU) (9) . The lack of comparability with existing rFSH preparations combined with the strong clinical need for improved predictability of response merited a novel biomarker-driven dosing strategy to tailor the ovarian stimulation according to each patient's profile (10) . Pharmacokinetic and pharmacodynamic simulation facilitated development of an individualized dosing algorithm for follitropin delta incorporating body weight, which influences drug exposure, and pretreatment AMH levels, which predict ovarian response (11) . The dosing algorithm is specific for follitropin delta, owing to the unique pharmacokinetic/ pharmacodynamic profile of the compound (9) , and is designed to maintain ongoing pregnancy rates and reduce the risk of extreme ovarian responses, both hypo-and hyperresponse, and OHSS as compared with current therapeutic dosing strategies. A biomarker-driven strategy also implied that the selected starting dose could be maintained daily throughout stimulation without any obvious need for adjustments. The Evidence-based Stimulation Trial with Human rFSH in Europe and Rest of World (ESTHER-1) trial compared the treatment strategy of individualized follitropin delta dosing with that of conventional follitropin alfa dosing for IVF, with the aim to maintain efficacy (noninferiority) and improve safety. The trial was the first prospective study to test an algorithm incorporating robust pretreatment patient characteristics.
MATERIALS AND METHODS

Study Design
This was a randomized, controlled, assessor-blinded, international, multicenter, noninferiority trial of individualized follitropin delta vs. conventional follitropin alfa dosing. The trial was conducted at 37 investigational sites in 11 countries (Belgium, Brazil, Canada, Czech Republic, Denmark, France, Italy, Poland, Russia, Spain, and United Kingdom). The trial protocol (number 000004) was approved by the local regulatory authorities and the independent ethics committees covering all participating centers. The trial was performed in accordance with the principles of the Declaration of Helsinki, the International Conference on Harmonization Guidelines for Good Clinical Practice, and local regulatory requirements. All participants provided written, informed consent.
Study Participants
Women aged 18-40 years undergoing their first IVF/intracytoplasmic sperm injection (ICSI) cycle and diagnosed with unexplained infertility, tubal infertility, endometriosis stage I/II, or with partners diagnosed with male factor infertility, were eligible for the trial. Additional main inclusion criteria were body mass index 17.5-32.0 kg/m 2 , regular menstrual cycles of 24-35 days, presence of both ovaries, and early follicular phase FSH serum concentration 1-15 IU/L. The main exclusion criteria were endometriosis stage III-IV, history of recurrent miscarriage, and use of hormonal preparations (except for thyroid medication) during the last menstrual cycle before randomization. All inclusion/exclusion criteria are listed in Supplemental Table 1 (available online) .
Study Randomization and Masking
Women were randomly assigned in a 1:1 ratio via a central computer-generated randomization sequence, prepared by an independent statistician. Randomization was stratified by age (<35, 35-37, and 38-40 years) and performed in blocks of four within trial sites. All investigators, embryologists, and central laboratory personnel were blinded to treatment allocation.
Study Procedures
Women randomized to follitropin delta (FE 999049, Ferring Pharmaceuticals) were given a fixed daily SC dose, determined by their serum AMH level at screening by a central laboratory using the automated Elecsys AMH immunoassay (12) (Roche Diagnostics International) and body weight at randomization (AMH <15 pmol/L: 12 mg; AMH R15 pmol/ L: 0.10-0.19 mg/kg; the maximum daily dose was 12 mg). The follitropin delta dosing algorithm (detailed in Supplemental Table 2 ) was programmed in the electronic case report form, which calculated the correct dose (all patients had their AMH levels determined centrally at screening, with results uploaded to the electronic case report form, though only used for patients randomized to follitropin delta). The defined target for the follitropin delta dosing regimen was 11 oocytes with a range of 8-14 oocytes.
Women randomized to follitropin alfa (Gonal-f, EMD Serono) were administered a daily SC standard dose of 150 IU (11 mg) for the first 5 days, in line with labeling and international recommendations (13, 14) ; thereafter the dose could be adjusted up or down according to follicular response, with 450 IU as the maximum daily dose allowed. Investigators evaluated the need for dose adjustments in a treatmentblinded manner on the basis of follicular development, and requests for dose increases or decreases were implemented as applicable by an unblinded study nurse.
Gonadotropin therapy with either study drug was initiated on day 2-3 of the menstrual cycle. For both treatments, on stimulation day 6, a GnRH antagonist (cetrorelix acetate, Cetrotide, EMD Serono) 0.25 mg/d was initiated and continued throughout the stimulation period. Triggering of final follicular maturation was performed as soon as three or more follicles were R17 mm in diameter. For women with <25 follicles R12 mm, 250 mg recombinant hCG (choriogonadotropin alfa, Ovitrelle, EMD Serono) was administered. For women with 25-35 follicles R12 mm, 0.2 mg GnRH agonist (triptorelin acetate, Gonapeptyl, Ferring Pharmaceuticals) could be administered or the cycle canceled. For women with >35 follicles R12 mm, the cycle was canceled. In the case of poor follicular development, defined as the investigator judging that three or more follicles with a diameter R17 mm could not be reached by day 20, the cycle was canceled.
Oocyte retrieval took place 36 AE 2 hours after triggering of final follicular maturation. Oocytes could be inseminated by IVF or ICSI, using ejaculated sperm by either partner or donor. For women receiving GnRH agonist, all blastocysts were cryopreserved. For women who received hCG, a single blastocyst was transferred on day 5 for all women aged %37 years and for women aged R38 years with a blastocyst grade 3BB or higher available; otherwise two blastocysts were transferred. Surplus blastocysts were cryopreserved for use after trial completion. Vaginal P tablets (Lutinus/Endometrin, Ferring Pharmaceuticals) 100 mg three times daily were provided for luteal phase support from the day after oocyte retrieval for 13-15 days and then discontinued on confirmation of pregnancy by serum hCG. Ultrasound was performed at 5-6 weeks and 10-11 weeks after blastocyst transfer to confirm clinical and ongoing pregnancy, respectively. All pregnancies were followed until 4 weeks after live birth. Adverse events were recorded from signed informed consent until the end-of-trial visit.
Study Outcomes
The co-primary endpoints were ongoing pregnancy rate, defined by at least one intrauterine viable fetus 10-11 weeks after transfer, and ongoing implantation rate, defined as number of intrauterine viable fetuses 10-11 weeks after transfer divided by number of blastocysts transferred.
Prespecified secondary endpoints included pregnancy outcomes and specifically live birth rates (defined as the birth of at least one live-born neonate), targeted ovarian response (8-14 oocytes) and extreme ovarian response (<4, R15, or R20 oocytes), embryology, safety, and adverse events. The safety endpoints included the proportion of women with early and late OHSS (including OHSS of moderate/severe grade, classified using Golan's system [15] ) and/or preventive interventions for early OHSS (i.e., cycle cancellation due to excessive ovarian response, triggering with GnRH agonist, or use of dopamine agonist in women with R20 follicles of R12 mm).
Statistical Analysis
The primary objective of this trial was to demonstrate noninferiority of an individualized dosing regimen of follitropin delta compared with conventional follitropin alfa dosing on the co-primary endpoints ongoing pregnancy rate and ongoing implantation rate. The noninferiority limit for the risk difference between the two treatments was prespecified at À8.0% for both co-primary endpoints, as agreed with regulatory authorities, and therefore no adjustment for multiplicity was required. On the basis of the results in the present trial, the predefined noninferiority margin of À8.0% would allow a maximum difference in point estimates between the two treatments of À2.7%, and is therefore tight, taking into account variation among clinics. For each co-primary endpoint, a two-sided 95% confidence interval (CI) was established using the Mantel-Haenszel method to combine results across age strata. If the lower limit of the 95% CI was above À8.0% (e.g., if it was À7.9%) for both co-primary endpoints for both the modified intention-to-treat (mITT) and the per-protocol populations, then noninferiority was established. The mITT population excluded three women randomized but not exposed to study drug, whereas the per-protocol population excluded women with major deviations from the protocol impacting the co-primary endpoints.
As planned sensitivity analyses, the homogeneity of risk differences across sites were tested (16) , and the treatment comparison was adjusted for factors potentially impacting the co-primary endpoints: insemination method, primary reason for infertility, primary infertility, and smoking status.
Assuming that both primary endpoints, ongoing pregnancy rate and ongoing implantation rate, would equate to 25%-30%, and that <8% of the women would have a major protocol deviation, a total sample size of 1,150 women would have at least 80% power for demonstration of noninferiority.
These assumptions were planned to be evaluated in a blinded manner when the co-primary endpoints were available for approximately 70%-80% of the planned number of participants. On the basis of this blinded review, the sample size was increased to 1,300.
RESULTS
Baseline Characteristics
The trial was conducted between October 8, 2013 and May 11, 2015, with live birth follow-up completed on January 11, 2016. A total of 1,329 eligible women were randomized, of whom 1,326 were exposed to study drug: 665 to individualized follitropin delta and 661 to conventional follitropin alfa. Three women did not receive study drug. The trial and participant flow is shown in Supplemental Figure 1 . Demographics and baseline characteristics were comparable between the two treatment groups (Table 1) . A total of 1,122 women underwent blastocyst transfer, with 539 (95.9%) of the individualized follitropin delta group and 536 (95.7%) of the conventional follitropin alfa group having a single blastocyst transfer.
Co-primary and Live Birth Endpoints
Outcome data for the randomized and exposed women (mITT population) are displayed in Table 2 . The ongoing pregnancy rate was 30.7% in the individualized follitropin delta group and 31.6% in the conventional follitropin alfa group, with a 95% CI for the difference of À5.9% to 4.1%. The ongoing implantation rate was 35.2% in the individualized follitropin delta group and 35.8% in the conventional follitropin alfa group, with a 95% CI for the difference of À6.1% to 4.8%. The lower bound of the 95% CI for both co-primary endpoints was above the prespecified noninferiority limit of À8.0%, and noninferiority of individualized follitropin delta to conventional follitropin alfa on ongoing pregnancy rate and ongoing implantation rate was demonstrated.
There was no difference in the other pregnancy endpoints, including the number of live births and the number of neonates alive at 4 weeks, between individualized follitropin delta and conventional follitropin alfa (Table 2) . Similar noninferiority conclusions were obtained with the perprotocol analysis and sensitivity analyses, with no evidence of site heterogeneity. Ovarian Response and Safety Table 3 shows ovarian response, embryology, and safety data regarding OHSS and preventive measures. There were no significant differences between treatment groups in terms of number of oocytes retrieved. Figure 1A shows that the number of oocytes retrieved increased markedly with increasing AMH values with conventional stimulation, whereas the number of oocytes obtained was more homogeneously distributed with the individualized follitropin delta dosing, with no difference in the number of good-quality blastocysts between the two treatments. In the individualized follitropin delta group, fewer women had an extreme ovarian response (Fig. 1B ) despite dose adjustments in 36.8% of the women in the conventional follitropin alfa group, in contrast to none in the individualized follitropin delta group. Antim€ ullerian hormone stratification demonstrated a reduction in both poor and excessive responses (Table 3) . Among potential hypo-responders (i.e., women with AMH <15 pmol/L), individualized follitropin delta was associated with more oocytes (8.0 vs. 7.0, P¼ .004) as well as a lower (P¼ .039) incidence of women with poor response (fewer than four oocytes) compared with conventional follitropin alfa. Among potential hyper-responders (i.e., women with AMH R15 pmol/L), individualized follitropin delta was associated with fewer oocytes retrieved (11.6 vs. 13.3, P¼ .002) as well as a lower incidence of patients with R15 or R20 oocytes retrieved (P¼ .038 and P¼ .030, respectively) compared with follitropin alfa. The total amount of gonadotropin used was lower (P< .001) with individualized follitropin delta despite the similar duration of stimulation. More women reached the target response of 8-14 oocytes with individualized follitropin delta (43.3% vs. 38.4%, P¼ .019, representing a relative increase of 13%).
In the individualized follitropin delta group, fewer women (P¼ .005) required OHSS preventive measures (Table 3 ). Figure 1C shows that the risk of requiring OHSS preventive interventions or experiencing OHSS increased with increasing AMH and differed between treatments. In the group of patients with polycystic ovaries, the incidence of early moderate/severe OHSS and/or preventive interventions for early OHSS was 7.7% with individualized follitropin delta and 26.7% with conventional follitropin alfa (P¼ .001). Women who received OHSS preventive measures exhibited an ovarian response in excess of those who developed OHSS and presented with a clinically relevant manifestation of symptoms of hyperresponse (Supplemental Table 3 ). In the individualized follitropin delta group, two women were hospitalized because of OHSS, with a mean duration of hospitalization of 4.0 days, compared with six women with a mean duration of 8.7 days in the conventional follitropin alfa group (Table 3) .
Apart from OHSS and OHSS preventive measures, there was no difference in other adverse events between the two treatment groups. The most common adverse events observed with individualized follitropin delta and conventional follitropin alfa were headache (14.6% and 13.3%, respectively), procedural pain (7.4% and 7.9%), pelvic pain (6.9% and 6.2%), pelvic discomfort (5.7% and 3.8%), and vomiting in pregnancy (4.5% and 4.5%).
DISCUSSION
Comparing the two treatment strategies of individualized dosing of follitropin delta, based on pretreatment AMH concentrations and body weight, and conventional dosing of follitropin alfa, individualized follitropin delta was noninferior to conventional follitropin alfa for the primary efficacy endpoints of ongoing pregnancy and ongoing implantation rates in women undergoing ovarian stimulation for IVF. Without any dose adjustments during stimulation, individualized follitropin delta dosing resulted in more women within the prespecified targeted ovarian response of 8-14 retrieved oocytes, with fewer clinically relevant cases of both poor and excessive ovarian responses, and a reduced need for OHSS preventive measures.
Ovarian hyperstimulation syndrome remains the most critical safety concern associated with the use of gonadotropin preparations (17) (18) (19) . In clinical practice, clinicians need to act on increased risk of OHSS or symptoms of hyperstimulation. Therefore, the trial design included a composite endpoint of early OHSS and/or preventive interventions for early OHSS (according to protocol-defined criteria), because recordings of only OHSS cases might lead to an underestimation of hyperstimulation caused by gonadotropins.
Large-scale population data have observed a positive linear relationship between oocyte yield and live birth rates up to 15 oocytes using conventional ovarian stimulation (1, 2). Beyond 15 oocytes there is no increase in live birth
FIGURE 1
Ovarian response relative to AMH. (A) Number of oocytes retrieved (two upper curves) and number of good-quality blastocysts available for transfer (two lower curves) by serum AMH levels at screening for the two treatment groups; circles (conventional follitropin alfa) and squares (individualized follitropin delta) illustrate the observed number AE1 SE; trend lines are penalized B-splines of degree 1. (B) Proportion of women achieving the target number of oocytes retrieved (8) (9) (10) (11) (12) (13) (14) by serum AMH levels at screening for the two treatment groups; circles (conventional follitropin alfa) and squares (individualized follitropin delta) illustrate the observed proportion AE1 SE; the lines are based on a logistic regression model with treatment, AMH and log(AMH) 2 , and corresponding interactions in the linear predictor; the likelihood ratio test of treatment difference indicates evidence of a treatment difference (P¼.037). (C) Proportion of women requiring OHSS preventive interventions and/or experiencing OHSS by AMH levels for the two treatment groups; circles (conventional follitropin alfa) and squares (individualized follitropin delta) illustrate the observed proportion AE1 SE; the lines are based on a logistic regression model with treatment and log(AMH) and an interaction term in the linear predictor; the likelihood ratio test of treatment difference indicates evidence of a treatment difference (P¼.037). rates, but the risk of OHSS increases exponentially (1), prompting international guidance for implementation of less aggressive stimulation while maintaining an adequate oocyte yield (14) . Although a target of 8-14 oocytes may be potentially perceived as low, setting a higher oocyte target would have been accompanied by an increased risk of OHSS, because 1 standard deviation above the observed mean oocyte yield was >15 oocytes in both treatment arms. Furthermore, an oocyte yield of 15 or more was associated with an increase in abdominal discomfort as determined by visual analogue scale assessments made by the patients. Because live birth rates from fresh blastocyst transfer cycles were similar for those with the highest oocyte yield and equivalent numbers of good-quality blastocysts were available for cryopreservation for both treatment arms, any numeric difference in oocyte yield is unlikely to be advantageous and only incurs risk. In that respect, the strict cycle criteria for implementing OHSS preventive interventions combined with the efficacy of these preventive interventions may have attenuated treatment differences in the incidence as well as the severity of OHSS.
Consistent and predictable attainment of an optimized ovarian response has previously not been feasible. The present trial demonstrates that pretreatment characteristics can predict the overall ovarian response profile for a population and be used to accurately estimate the frequency of a given target response. Inevitably the proportion of women capable of achieving a target of 8-14 oocytes will be primarily determined by the actual population undergoing ovarian stimulation. In the present study, which used wide inclusion criteria, it was predicted at trial enrolment that 42% of the individualized dosing group would yield an average of 8-14 oocytes, and this prediction was validated, with 43% attaining the predicted target yield (11) . Future trials could examine alternative patient groups and predicted response profiles.
In the individualized dosing approach, the daily dose was fixed for the duration of stimulation while requests for a dose change were implemented for follitropin alfa after the first 5 days of stimulation. Although some may consider an initial starting dose of 150 IU/d of follitropin alfa inadequate, particularly for older women, it is consistent with prescribing guidance, and we observed adverse events even at this dose level. The differential effects on excessive response or OHSS risk management may have been even greater if the conventional follitropin alfa initial dose was higher than 150 IU. That approximately one-third of the women in both treatment groups had a request by the fertility specialist for their dose to be altered, and predominantly that it be increased, may reflect the common belief that higher doses of FSH are beneficial. However, a metaanalysis of 10 trials (n ¼ 1,952 IVF cycles) found no benefit of FSH doses above 200 IU/d (20) , and analysis of 658,519 IVF cycles demonstrated a reduced live birth rate with FSH doses above 300 IU/d independent of the age of the woman, the number of oocytes retrieved, or underlying diagnosis (21) . The present trial showed that a fixed dose regimen of follitropin delta, without any implementation of requested dose adjustments (the majority of which were requests for dose increases), resulted in more women reaching the targeted response. The fixed dosing regimen of follitropin delta might prove beneficial to patients, in terms of simpler dosing instructions as well as potential reduced monitoring needs.
Previous trials (n ¼ 200-262) assessing individualization of FSH doses by incorporating routinely available pretreatment characteristics, but not AMH, were statistically inferior for their primary outcome of oocyte yield (22) or have not been adopted clinically owing to concerns regarding reproducibility, especially of the ultrasound measurements (23) . In randomized, controlled trials, AMH exhibits superior prediction of ovarian response compared with age, FSH, and AFC, with their inclusion in multivariate prediction models not improving performance (8) . Serum concentrations of exogenous FSH are inversely associated with body weight, and the clinical impact is particularly evident when low gonadotropin doses are applied (10, 11, 24, 25) . The present trial substantially extends both these initial observations, by combining a human cell line follitropin delta with a robust automated AMH assay and body weight to individualize the FSH dose. It may also be possible to develop and validate biomarker-driven dosing strategies for other gonadotropins, utilizing a similar modeling approach that was used for development of the individualized follitropin delta algorithm.
Although this study has substantial strengths, including its design, size, broad eligibility criteria, generalizability, and the introduction of the biomarker AMH to guide dosing, we acknowledge some limitations. The present study used AMH analysis at a central laboratory, but the intra-and interassay coefficients of variation of the automated AMH assay have been reported to be low across multiple platforms and sites (26) . Cumulative live-birth rates accounting for the transfer of all fresh and frozen embryos are not available, because some women proceeded directly to a further fresh cycle. For both cumulative live birth and infant number, we do not anticipate treatment differences, because both treatment groups had an equivalent number of blastocysts available for vitrification (20) . A quality-of-life evaluation was not undertaken, and whether fewer complications observed for follitropin delta would be associated with a reduction in treatment discontinuation is uncertain. Women diagnosed with anovulatory polycystic ovarian syndrome were not included. Nevertheless, in this trial the biggest difference in safety was observed in women with high AMH, many of whom would have polycystic ovaries (27) , but all were ovulatory. Because women with polycystic ovarian syndrome are at greatest risk of OHSS, the treatment differences in safety may be expected to be larger, but this requires confirmation.
CONCLUSION
Pretreatment risk stratification and biomarker-driven treatment modification have been proposed as a means of improving patient outcomes (28, 29) . The present trial demonstrates that an individualized follitropin delta dosing is noninferior to conventional follitropin alfa with respect to ongoing pregnancy rate, ongoing implantation rate, and also live births, with a concomitant reduction in iatrogenic complications, including preventive interventions of OHSS. 
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